We investigated whether the concentration of H+ or metal ions such as Ca2+, or both, on the external side of the cytoplasmic membrane is involved in coupling of folding and secretion of Bacillus subtik levansucrase by studying the modulation of each isolated event. In vitro at 30 "C, in the absence of Ca2+, the equilibrium between the unfolded and the folded states of levansucrase was rapidly and totally displaced toward the folded state by a small pH shift from 7 4 t o 6.0. Ca2+ (> 5 mM) acted as a catalyst of folding at pH 2 7. In vivo pulsechase experiments at 30 "C showed that, in the absence of Ca2+, the rate and the yield of the second step of levansucrase secretion were strongly dependent on the external pH. In acidic growth medium (pH 58), secretion was efficient. In contrast, at pH 2 7, the presence of Ca2+ was essential for secretion. In bacteria grown at high temperature (48 "C), both external acidic pH and Ca2+ were required for efficient secretion. Moreover, a levansucrase variant altered in its calcium affinity was efficiently secreted only under acidic growth conditions. Depending on the culture conditions, the differences in H+ or Ca2+ concentrations which are maintained between the opposite sides of the energized cytoplasmic membrane could be adequate to catalyse conformational transition which could play a critical role in the second step of the protein release. These environmental parameters could also affect the yield of secretion of some other secretory proteins, leading to the hypothesis that several different secretion mechanisms could coexist in B. subtilis.
INTRODUCTION

Levansucrase is an extracellular enzyme synthesized by
Bacillus subtilis during the exponential phase of growth. It is secreted by a two-step mechanism (Petit-Glatron e t al., 1787) . The first step of this mechanism consists of the proteolytic cleavage of the N-terminal signal sequence to give a mature membrane-associated form. The second step, which is rate limiting, is the release and concomitant conformational change of the protein. We have suggested that the energy required for the vectorial diffusion of the protein from the membrane phase to the external aqueous phase (driven reaction) is provided by the energy change accompanying the folding process (driving reaction). The efficiency of such a hypothetical coupling could strongly depend on the rate of the driving reaction, as we previously proposed from an irreversible thermodynamic point of view (Chambert e t al., 1770) . This model predicts that changes in the external concentration of any effector that modulates protein folding will also affect the efficiency of the second step. We have recently shown that in addition to Fe3+ (Chambert e t al. ,1770) , Ca2+ ions could also play such a role; these two metal ions catalyse in vitro the spontaneous folding of levansucrase at pH 7 and can be concentrated within the cell wall in the microenvironment of the external side of the cytoplasmic membrane (Beveridge & Murray, 1776 , 1780 PetitGlatron et al., 1773) .
In this work we focused our attention on the H+ ion as a potential effector of folding and secretion, for several reasons. Preliminary studies have shown that the unfolding-folding transition of levansucrase is dependent on the ionization state of the protein within the physiological pH range 
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concentration on the external side of the membrane can be easily manipulated. At culture pH ranging from 5.8 to 7.8, B. stlbtilis grows normally and maintains its cytoplasmic pH unchanged near (Khan & Macnab, 1980; Shioi e t al., 1980) . This means that under acidic conditions of the culture medium, the H+ concentration can be 200 times greater on the external side of the membrane than on the internal side.
Finally, effects of the transmembrane ApH on the B. stlbtilis protein secretion process have been observed (Hemila etal., 1992) but never clearly understood. Kemper e t al. (1993) proposed that the cell wall may serve as a proton sink, causing the wall to have a relatively low pH in the immediate vicinity of the membrane. This may regulate cell-wall-associated enzymes in B. stlbtilis. From a thermodynamic point of view, it has been proposed that ApH is involved in secretion via its participation in the proton-motive force which has been postulated to supply the energy for protein translocation in prokaryotes (Randall e t al., 1987) .
The question arises as to whether the proton concentration, per se, on the external side of the membrane promotes a spontaneous molecular event helping the protein vectorial translocation across the membrane. We here investigated the effect of pH on the in vitra unfolding-folding transition and on the in viva efficiency of levansucrase secretion. Moreover, since we have demonstrated that Ca2+ ions can modulate both events under the usual pH growth conditions, i.e. pH 7 (PetitGlatron et al., 1993) , we assessed the relative involvement of this metal ion and interactions, competition or cooperation, between these two cations in levansucrase secretion under various growth conditions.
METHODS
Enzymes, substrates and reagents. Subtilisin and Protein-A-Sepharose CL4B were from Sigma ; p-nitrophenylmaltoheptaoside was purchased from bio-Merieux ;
[35S]methionine, 45CaC12 and '251-labelled protein A were from Amersham.
Purification of extracellular levansucrases. Levansucrase and its variant were purified from culture supernatants of induced strains Q B l l 2 and QB250 according to the procedure described by Dedonder (1966) .
Purification of extracellular a-amylase. a-Amylase was purified from B. stlbtilis culture supernatant according to the method of
Levansucrase assay. The sucrase activity of levansucrase was assayed as described by Dedonder (1966) . Glucose and fructose release from sucrose hydrolysis were measured by the method of Somogyi (1 945).
a-Amylase assay. a-Amylase activity was assayed using pnitrophenyl-maltoheptaoside as a substrate under the conditions recommended by the supplier. (Chambert & Petit-Glatron, 1984) . After centrifugation, the pellets were washed with 0.5 ml0-1 M sodium phosphate, pH 7, containing the protease inhibitors. The pellets from this step were resuspended in 0.3 ml 50 mM Tris/HCl, pH 7.4, containing 5 mM EDTA, 150 mM NaCl and 2 YO (w/v) SDS. The cells were then disrupted by sonication, the suspensions were incubated for 5 min at 95 "C and diluted in 1.7 ml T N E T (50 mM Tris/HCl, pH 7-5, containing 150 mM NaC1, 5 mM EDTA and 1 YO, w/v, Triton X-100). Purified anti-levansucrase antibodies (8 pl, 4 mg ml-') and 80 pl 10% Protein-A-Sepharose in T N E T were then added and incubated overnight at 4 "C. The immunoprecipitates were recovered by centrifugation. The pellets were washed three times with 1 ml TNET, and finally resuspended in the electrophoresis sample buffer. After 5 min at 95 "C, the samples were analysed by SDS-PAGE.
Culture and strains. Strains Q B l l 2 (~acA, , , sauU, , ) and QB250 [sacA, , , sacU, , sacB(250) l were grown in minimal medium supplemented with 1 YO (w/v) glucose or 1 YO (w/v) glycerol as carbon source (Petit-Glatron et al., 1993) .
Gel electrophoresis and immunoblotting. Proteins were analysed on 10 YO SDS-polyacrylamide gels and the membraneassociated forms of levansucrase were analysed by immunoblotting under the conditions described previously (PetitGlatron et al., 1987) .
Folding experiments. The unfolding-folding transitions of levansucrase were monitored by following changes in intrinsic fluorescence measured with a F2000 Hitachi thermoregulated spectrofluorimeter ).
Protein-Ca2+ binding assays. Ca2+ binding to levansucrase and a-amylase was assayed by quantitative dot-blot (Maruyama e t al., 1984) using 45CaC12 [specific activity 10 mCi (370 MBq) mg-'1 on nitrocellulose.
RESULTS
In vitro unfolding-folding transition of levansucrase
Modulation of the refolding kinetics by pH and calcium concentration. The kinetics of the unfolding-folding transition of levansucrase were followed by measuring the changes in the intrinsic fluorescence of the protein as previously described . In a first set of experiments, the protein was unfolded in 8 M urea at 30 "C. Refolding was promoted by dilution of the denaturing agent in 0.1 M potassium phosphate buffer at a series of pH values from 5.8 to 7.8, which is in the range of physiological pH allowing normal B. stlbtilis growth. At each pH value, the kinetics of the transition were monitored in the absence or presence of 0.5 mM Ca2+ (Fig. 1 ). The protein displayed two different behaviours depending on the pH. From pH 5-8 to 6.8, the rate of refolding decreased slightly and was not affected by Ca2+.
At pH > 7, the rate and the yield of refolding decreased strongly and became more calcium dependent as the pH value increased.
Effects of a small shift of pH or a jump in Ca2+ concentration
on the transition. For these experiments, the amplitudes of the variations were chosen to correspond roughly to the differences in H+ or Ca2+ concentrations between the two sides of the cytoplasmic membrane. Levansucrase was unfolded at pH 7.4 in the absence of Ca2+, which are the conditions usually prevailing in the cytosol (Khan & Macnab, 1980) . Refolding was promoted either by a small downward shift in pH or by the injection of Ca2+ in the renaturing mixture to give conditions simulating the environment of the external side of the membrane. When the pH was shifted from 7-4 to 6, the refolding reaction monitored by variation of the intrinsic fluorescence of the protein was fast (ti = 10 s) (Fig. 2a) . Similar refolding kinetics were obtained when measuring refolding by the resistance to proteolytic degradation by subtilisin (Fig.  2b) . The transition occurred in the absence of Ca2+. With the pH maintained at 7.4, complete refolding was obtained at 5 mM Ca2+, but the rate of the unfolding-refolding transition increased as a function of the increase in Ca2+ concentration (Fig. 3) .
Thus, we can conclude that small variations in H+ or Ca2+ concentrations, compatible with physiological transmembrane pH or Ca2+ gradients, can significantly and rapidly displace the equilibrium between the unfolded and folded states of levansucrase. Levansucrase was unfolded by mixing (arrow 1) 5pl levansucrase stock solution (5 mg ml-l) with 1 ml 0-1 M potassium phosphate, pH 7.4, containing 1 mM EDTA. After 2 min of unfolding, the pH was shifted to 6.0 by the addition of 1Opl 5 M phosphoric acid (arrow 2). The kinetics of levansucrase unfolding and refolding were monitored by (a) the fluorescence intensity changes and (b) the resistance t o subtilisin proteolytic degradation. Aliquots of 20 pl were withdrawn at intervals and mixed with 10 pl subtilisin solution (1 mg ml-l). After 2 min incubation, 400 pI 0.1 M sucrose solution containing 0-2 mM PMSF was added and sucrase activity was assayed. Subtilisin rapidly degrades the unfolded form of levansucrase but not the folded enzyme (Chambert e t a/., 1990).
In vivo efficiency of the second step of levansucrase secretion is modulated by the pH and Ca2+ concentration of the growth medium
The rate of B. szrbtilis growth is similar at all pH values within the range 5.8 to 7.8. Since the in vitro folding properties of levansucrase differ greatly according to the external pH value, we have postulated that the folding properties of the transient processed membrane form of levansucrase might similarly vary. Thus, we evaluated the yield of levansucrase production, the kinetics of its release into the supernatant and its stability by pulse-chase experiments. We previously demonstrated that this type of experiment characterizes the kinetics of the second step of the secretion process (Chambert & Petit-Glatron, 1988 ). At 30 O C , levansucrase production was ten times higher at pH 5.8 than at pH 7.8 (Fig. 4a, b) . The results demonstrated that it was the yield of the protein release which was affected at pH 7.8 and not the stability of the protein in the culture medium. As suggested by in vitro folding experiments, the spontaneous folding of levansucrase on the external side of the membrane may be too low at pH 7.8 and thereby prevent efficient release. In contrast, folding and secretion appear to be optimally coupled at pH 5-8. However, these results may also have been due to an effect of pH on the synthesis and processing of the transient membrane forms of levansucrase. We therefore examined the steady-state concentration of these intermediates by pulse experiments in bacteria grown at the two pH values (Fig. 5a ). There were no significant differences either in the amount of labelled 50 kDa membrane form or in the processing of prelevansucrase during the continuous uptake of [35S]methionine. The fact that the cell-associated form was not accumulated at pH 7.8 suggested that this unfolded form is proteolysed on the external side of the membrane rather than being folded and released. This hypothesis was substantiated by the strong accumulation of the 50 kDa membrane form only observed at pH 7.8 when two protease inhibitors, EDTA and PMSF, were added to the culture medium (Fig. 5b ). The steady-state level of the 50 kDa membrane levansucrase form was increased by a factor of three as evaluated by quantitative immunoblotting analysis (Fig. To confirm the correlation between the efficiency of protein release and the ability to fold rapidly, we tested whether Ca2+ ions are involved in the coupling between these two events at defined pH values for which Ca2+ 5c). catalyses folding in vitro. The pulse-chase experiments were conducted with bacteria cultivated at pH 7-4. The culture medium was complemented with either Ca2+ (0.2 mM) or the calcium chelator EDTA added at 5 mM, 5 min before the pulse. The yield of protein released into the extracellular medium was strongly dependent on the presence of free Ca2+ (Fig. ba, b) The data presented in this work suggest that the secretion efficiency of the levansucrase variant (Thr,,, + Ile,,,) might be affected at pH 2 7 only and not at lower p H values because at lower pH the protein would not need the presence of Ca2+ ions for folding. As expected, variant 236 was secreted at p H 5-8 with the same efficiency as the wild-type protein (Fig. 7a , gels A and C), whereas at p H 7 its secretion efficiency was very low compared to wildtype levansucrase (Fig. 7a, gel B) . These findings support the hypothesis that the efficiency of the second step of secretion is coupled to the folding event.
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H+ and Ca2+ may cooperate to couple the folding and secretion events when bacteria are grown at high tem peratu re
We have shown above that Ca2+ is not required at 30 OC for efficient protein secretion when the external pH of the growth medium is acidic enough. Thus, it appears that Ca2+ does not function as a folding catalyst at low p H values. We therefore tested the calcium binding affinity throughout the p H range 5.8 to 7.8 by the method of Maruyama (1 984) . Surprisingly, the protein displayed a higher affinity for Ca2+ at acidic pH (Fig. 8a) . The calcium titration curve showed an inflexion point at p H 6.5 (Fig.  8b) . This unexpected result suggests that Ca2+ and H+ concentrations could cooperate to promote an efficient coupling between folding and secretion under particular environmental conditions. We tested this possibility by pulse-chase experiments at high temperature since, in such conditions, levansucrase folding is very sensitive to Ca2+ and H+ concentrations ). The efficiency of the final step of secretion in bacteria grown at 48 O C and p H 5.8 was significantly different in the presence and in the absence of Ca2+ (Fig.   9 ). The efficiency of the protein release and not its subsequent stability in the growth medium was modified by the presence of Ca2+.
Is it possible to extend the effects of pH and Ca2+ on the secretion efficiency of other secretory proteins?
Several difficulties arise in addressing the above question. Firstly, the secretion level of extracellular proteins is negligible in the sacU,, strain used in this work during the exponential phase of growth (Chambert & Petit-Glatron, 1984) . Secondly, few data have hitherto been available concerning the folding properties of the B. stcbtilis secretory proteins. Given these limitations, we adopted two preliminary approaches to this question.
The first approach was based on the evaluation of the effects of medium parameters on the total production of extracellular proteins by a wild-type strain of B. szlbtilis (168 Marburg). The pattern of labelled exoproteins released by this strain was analysed by pulse experiments (Fig. 10) under the environmental conditions which modulate levansucrase production in strain QBll2. Since in this experiment attention was given to other secretory proteins, bacteria were not induced for levansucrase synthesis. The modification of pH, or the presence of a metal chelator, or both, modified the production of several exoproteins. One of these, a 55 kDa protein, was dramatically modulated by these medium parameters, but in a different way from levansucrase in strain QB112.
For the second approach, we focused on the properties of extracellular a-amylase, even though this protein is mainly produced during the stationary phase of growth. Folding properties of levansucrase and a-amylase produced by the same B. stcbtilis strain were compared. The foldingunfolding transition of a-amylase occurred at such a high temperature (Tm = 62 "C) ( Fig. l l a ) that it was not reasonable to postulate that this protein has a tertiary structure flexibility similar to that exhibited by levansucrase under the conditions of pH and temperature of B. szlbtilis growth ).
Moreover, the two proteins have very different affinities for calcium since no calcium binding was observed for aamylase ( Fig. 1 1 b 
DISCUSSION
Bioenergetic aspects of the translocation of proteins across bacterial membranes have been the subject of many investigations (Palmen e t al., 1994) . There is also considerable evidence in both prokaryotic and eukaryotic systems that the dynamics and the free energy of protein folding play a role in the efficiency of secretion (London, 1992; Eilers & Schatz, 1988) . Several folding effectors have been identified in the cytosol which maintain the protein in a state competent for export (Kumamoto, 1991; Stuart e t al., 1994; Baker & Craig, 1994 Fe3+ or Ca2+ ions catalyse levansucrase folding at pH 7. These ions are concentrated only on the external side of the membrane due to the metal-binding properties of the cell wall (Beveridge & Murray, 1976 Petit-Glatron et al., 1993) . The transmembrane gradient of these metal ions may be the force which drives the release of levansucrase from the membrane due to coupling with the folding process. However, this model can only apply to particular environmental conditions. Our studies suggest that the H+ concentration on the external side of the membrane could play the same role as Ca2+ or Fe3+ ions.
However, this raises the issue of whether the pH on the external side of the membrane is the same as that in the bulk growth medium. Several theoretical and experimental analyses have shown that there is a very steep pH gradient between a very acidic interface layer which generates a surface electrostatic potential and the neutral bulk aqueous phase (Teissik e t al., 1993; Koch, 1986) . In the case of phosphatidylethanolamine bilayers, it was calculated that in a low ionic strength buffer (1 mM) the drop was more than 2 pH units across a distance of less than 1.5 nm (Prats e t al., 1986) . This phenomenon seemingly complicates the interpretation we propose. However the findings with model membranes may not apply to natural membranes. The B. szlbtilis cytoplasmic membrane contains a large amount of protein (about 60 % dry weight), and relatively high proportions of cationic phospholipids (about 15 % lysylphosphatidylglycerol) (Archibald, 1993) and neutral glycolipids (Minnikin & Abdeolrahimzadeh, 1974) . This structural heterogeneity may greatly reduce the surface charge density which generates the electrostatic potential. Moreover, the magnitude of the potential is strongly dependent on the ionic strength (McLaughlin, 1977) . In the ionic conditions of bacterial growth (0.1 M potassium phosphate), this potential will be very low according to theoretical calculations ; consequently, the H+ concentrations on the bacterial membrane outer surface and in the bulk solution may not be very different.
O n the other hand, our findings and interpretations have focused on the effects of pH and ions only on the proteins ' en route ' to secretion, and not on the secretion machinery components. Obviously, this alternative must be considered as a reasonable working hypothesis even though experimental approaches are not easy. One possible heuristic way could be the comparison of in vitro and in uivo effects of these environmental parameters on PrsA activity, since this surface-exposed lipoprotein has been proposed to function as a molecular chaperone catalysing the folding of translocated secretory proteins such as a-amylase (Kontinen e t al., 1991) in B. szlbtilis.
